Melamine polyphosphate (MPP) was applied as reactive and additive flame retardant for thermally resistant polyurethane foams. MPP was hydroxyalkylated with ethylene and propylene carbonates to get oligoetherols with 1,3,5-triazine ring and phosphorus. The structure and physical properties of the products were studied. The polyurethane foams, (PUFs) obtained from this oligoetherols were self-extinguishing. The addition of powdered MPP into foaming mixture resulted in further decrease of flammability modified PUFs. The MPP-modified PUFs were characterized by physical methods adequate to thermal resistance and flammability of the PUFs. The best MPP-modified PUF showed oxygen index 24.6. All the modified PUFs were remarkably thermally resistant; they could stand long lasting thermal exposure even at 200 °C.
Introduction
Oligoetherols with incorporated 1,3,5-triazine ring (II) can be obtained from melamine (I) and excess alkylene carbonates, like ethylene (EC) or propylene (PC) carbonates: 1, 2 Thermally resistant polyurethane foams (trPUFs) from these polyetherols, water and isocyanates have been obtained. 3 Classic PUFs undergo decomposition at temperatures above 90 °C, 4,5 while trPUFs with 1,3,5-triazine rings are resistant against long lasting heating even at 200°C
. 6 This renders them useful materials as thermal isolators. On the other hand they are flammable, therefore we have undertaken systematic study to decrease the flammability of PUFs based on 1,3,5-triazine ring in order to improve their properties as potential thermoinsulators.
Flame retardation of polyurethanes can be achieved by incorporation elements like chlorine, bromine, phosphorus, nitrogen or silicon into polyurethane or into the oligoetherol substrate. 7, 8 By introduction of flame retardants,
where: x + y + z + p + q + m = n R = -H, -CH 3 Scheme 1. Synthesis of oligoetherols from melamine and alkylene carbonate. DOI: 10.17344/acsi.2015.1924 Lubczak and Lubczak: Melamine Polyphosphate -the Reactive ... in other word antipyrenes, the pyrolysis of polymeric materials as well as flame resistant can be considerably restricted and finally self-extinguishing materials can be obtained. Antipyrenes can be divided into two groups. 9 namely: (i) reactive retardants, which are incorporated into chemical structure of polymers at the stage of polymer synthesis or cross-linking, and (ii) additive flame retardants, which are incorporated into polymer as nonreacting compounds to form compositions. Introducing phosphorus and nitrogen into polyurethane foams effectively increases the PUFs flame resistance. Especially the simultaneous modification of PUFs with nitrogen and phosphorus is desirable due to synergy between those two elements. [10] [11] [12] Thus, the best known flame retardants are ammonium phosphates and melamine and MPP. 13 Addition of flame retardants decreases the percentage of flammable parts of composites. Moreover, upon decomposition at 350 °C the MPP degrades endothermally, and released phosphoric acid deposits on the surface and forms the film, which is the thermal barrier for hest transfer into polymer. 14 MPP can be obtained by thermal conversion of melamine phosphate into melamine pyrophosphate at 250-300 °C and further into MPP at 300-330 °C. 13 We have described here the results of our attempts on MPP as reactive and additive retardant for PUFs of enhanced thermal stability and increased flammability.
Experimental Section

1. Synthesis of Oligoetherols from MPP and Alkylene Carbonates
MPP (16.5 g, 0.08 mole of mers, pure, Zak¦ady Chemiczne "Alwernia", Poland), EC (154.9 g, 1.76 mole or 70.4 g, 0.8 mole, pure, Fluka, Buchs, Switzerland) and potassium carbonate as catalyst (1.6 g and 0.8 g, respectively) were placed in three-necked 250 cm 3 flask equipped with mechanical stirrer, thermometer and reflux condenser. The mixture was heated up to 170-175 °C while stirred. After completion of the reaction with 70.4 g EC, the PC (48.9 g, 0.48 mole, pure, Fluka, Buchs, Switzerland) was added and heating was continued. The reaction was monitored by mass balance and by determination of unreacted alkylene carbonate. The products were resin, viscous liquids of brown color. In another synthesis the MPP (4.1 g, 0.02 mole of mer), PC (30.6 g, 0.3 mole), and 0.3 g K 2 CO 3 were used at 185-190 °C temperature. In this case the oily product was contaminated with solid, not converted MPP.
Analytical Methods
The course of reaction between MPP and EC or PC was followed by measuring the content of unreacted alkylene carbonate. The samples were treated with 2.5 cm 3 of 0.15 M barium hydroxide, vigorously shaken and the excess of barium hydroxide titrated off with 0.1 M HCl solution. 15 In obtained products the acid numbers were determined by titration with a standard potassium hydroxide solution and hydroxyl number of the obtained oligoetherols was determined with use of acetic anhydride. 16 Elemental analysis for C, H, N, were done with EA 1108, Carlo-Erba analyzer. The 1 H-NMR spectra of products were recorded at 500 MHz Bruker UltraShield in DMSO-d 6 with hexamethyldisiloxane as internal standard. IR spectra were registered on PARAGON 1000 FT IR Perkin Elmer spectrometer in KBr pellets or ATR technique. Thermal analyses of oligoetherols and foams (DTA, DTG and TG) were performed in ceramic crucible at 20-600 °C temperature range, about 200 mg sample, under air atmosphere with Termowaga TGA/DSC 1 derivatograph, Mettler, recording time 100 minutes, 1/10 DTA amplification, and 1/15 DTG amplification.
tions were also prepared, in which the MPP was added as additive flame retardant after homogenization of oligoetherol, water, silicone and triethylamine. After homogenization of these mixtures the pMDI was added and further the creaming was performed as described above.
5. Studies of Foams
The apparent density, 17 water uptake, 18 dimensional stability in temperature 150 °C, 19 heat conductance coefficient, heat capacity, and compressive strength 20 of trPUFs with flame retardants were measured. Thermal resistance of modified foams was determined both by static and dynamic methods. In static method the foams were heated at 150, 175 and 200 °C with continuous measurement of mass loss and determination of mechanical properties before and after heat exposure. Thermal resistance was also determined by dynamic method DSC using differential scanning calorimeter type DSC 822 e (METTLER TOLEDO), with the following parameters: temperature range 20-200 °C, heating rate 10 deg / min, nitrogen atmosphere, sample mass 10-20 mg, recording time 100 minutes, DTA 1/10 amplification, and DTG 1/15 amplification. Flammability of foams was determined by oxygen index 21 and horizontal test according to norm 22 as follows: the foam samples (150 × 50 × 13mm) were weighed, located on horizontal support (wire net of 200 × 80 mm dimensions) and the line was marked at the distance of 25 mm from edge. The sample was set on fire from the opposite edge using Bunsen burner with the blue flame of 38 mm height for 60 s. Then the burner was removed and time of free burning of foam reaching marked line or cease of flame was measured by stopwatch. After that the samples were weighed again.
If the sample was burned totally, the rate of burning was calculated according to the expression: (1) If the burning of sample ceased, the following equation was used: (2) where:
L e -the length of burned fragment, measured as the difference 150 minus the length of unburned fragment (in mm). According to norms, if the burned fragment has the 125 mm length, the foam is considered as flammable. t b, t e -the time of propagation of flame measured at the distance between starting mark up to the end mark or as the time of flame cease.
The mass loss Δ m after burning was calculated from the formula:
where m o and m -mean the sample mass before and after burning, respectively.
Results and Discussion
No hydroxyalkylation of MPP was reported till date, probably due to its insolubility in organic solvents or water. Thus, hydroxyalkylation of MPP cannot be performed by oxiranes in DMSO or DMF, in contrary to melamine. 23 It is known that azacyclic compounds with nitrogen-attached hydrogen are soluble in alkylene carbonates and react with them resulting in formation of oligoetherols. 24 We have applied this method to derivatize MPP with EC and PC toward oligoetherols ( Table 1) . Then the oligoetherols were used to obtain PUFs with 1,3,5-triazine ring and phosphorus incorporated into polymer structure. The oligoetherols were synthesized using EC at 170 °C, and PC at 190 °C. However, during the synthesis of oligoetherols from PC is a large weight losses of the reaction mixture by thermal decomposition of PC into carbon dioxide and propylene oxide, which leave the reaction medium. Moreover, in the worked-up post reaction mixture free MPP was found, which in the reaction mixture is suspended in oligoetherol. Such contaminated and undefined oligoetherols were useless substrates to obtain PUFs. Therefore, consecutive syntheses of oligoetherols were applied; first the MPP was reacted with EC and in the second step the PC was used ( Table 1 ). The amount of EC and PC were minimized to obtain oligoetherols of low viscosity, enabling further homogenization with isocyanates at foaming step. When EC and PC were minimized, the contributions of 1,3,5-triazine ring and phosphorus in the oligoetherol were obviously higher. The obtained oligoetherols were resin-type products. Two kinds of oligoetherols were obtained: with EC only and EC and PC, at initial molar ratio of reagents: mMPP:EC = 1:22, and mMPP:EC:PC = 1:10:6 (mMPP -mere of melamine polyphosphate). Based on mass balance, elemental analysis and hydroxyl numbers in products: 469 and 490 mg KOH/g, respectively (Table 2 ) it has been concluded that in isolated products the number of oxyalkylene groups per one mMPP was 1:19 and 1:9:5 ( Table 2) , respectively. Obviously some decomposition of alkylene carbonates in synthetic conditions took place. The scheme of synthesis is summarized as follows:
The proposed structure of oligoetherols was verified by IR and 1 H-NMR spectra of isolated products. In the IR spectrum of MPP (Fig. 1 ) the symmetric and asymmetric ν(N-H) broad bands at 3400-3100 cm -1 are present. The deformation bands of amine group are present in 1704-1550 cm -1 region. The valence bands of C=N in melamine are in the 1690-1410 cm -1 region, while 1,3,5triazine ring bands occur at 782 cm -1 . Phosphate group bands are at 1338 cm -1 for free P=O group, while the band at 1272 cm -1 belongs to hydrogen-bonded phosphate. The P-O-H group broad band is at 2700-2600 cm -1 and the band from -NH 3 + cation at 2700-2250 cm -1 . The amine group and ammonium cation bands at the 3400-3100 cm -1 and 2700-2600 cm -1 region respectively are absent in the IR spectra of products of reaction between MPP and alkylene carbonates (Fig. 2) . Instead, the ν(O-H) bands are present. Also the deformation amine bands at 1660-1570 cm -1 are absent in spectra of products, while C=N bands remain, indicating the presence of 1,3,5-triazine ring in oligoetherols. The bands from P-O-H and NH 3 + at 2700-2250 cm -1 disappear in the products, indicating that both amine groups of melamine and phosphate residue OH underwent hydroxyalkylation with alkylene carbonates. Low values of acidic number (AN = 8.6-12.9 mg KOH/g) evidence the absence or low content of acidic groups derived from MPP hydrolysis during titration. Nonetheless, in the IR spectra of oligoetherols the bands at 1359-1353 and 1267-1265 cm -1 attributed to free and hydrogen-bonded P=O groups clearly evidence the presence of phosphate in the products, similarly as the band at 752-759 cm -1 region from 1,3,5-triazine ring. Moreover, methylene and methyl group signals at 2860-2970 cm -1 appear in IR spectra of products. These new bands belong to the groups formed upon hydroxyalkylation of MPP. High intensity bands at 1042-1047 cm -1 indicate the presence of ether bond in oligoetherol due to alkylene carbonate ring opening reaction.
The 1 H-NMR spectra of oligoetherols obtained from MPP and EC are simple ( Fig. 3 and 4) . The multiplets in the 3.1-3.6 ppm region from methylene protons in oxyethylene groups are diagnostic. The broad singlet at 4.6-4.7 ppm was attributed to -O-H proton by selective deuteration experiment. Olefinic resonance at 4.3 ppm had very low intensity indicating that dehydration of oligoetherols during demanding synthetic conditions was a minor side reaction. In the 1 H-NMR spectra of oligoetherols obtained from MPP, EC, and PC (Fig. 4) additional signals from methyl protons are present at 0.95-1.1 ppm region. In fact there are two resonances, one from normal and another one from abnormal PC ring-opening reactions: 25 By integration of these two resonances one can find that there is ca 14% of abnormal pro-duct.
Relevant physical properties of oligoetherols were determined, like refraction index density, viscosity, and surface tension ( Fig. 5-7 ). All the properties showed typical temperature dependences. The product containing oxypropylene groups have lower density than those obtained from EC. Also the viscosity of oligoetherol with PC is lower than that with EC, which enables homogenization of foaming composition suitable for obtaining PUFs. Refraction indexes of oligoetherols in temperature 20°C are similar: 1.5010 for the oligoetherol obtained from m-MPP:EC = 1:22 and 1.5019 for the oligoetherol obtained from mMPP:EC:PC = 1:10:6.
We have tested the obtained oligoetherols as substrates for PUFs. We were interested in the effect of flame retardance of PUFs obtained from the oligoetherols MPP-modified as reactive retardant (MPP-PUFs). We have optimized the amount of isocyanate (pMDI) and catalyst for both kinds of MPP-PUFs: those obtained from EC and EC+PC as substrates for oligoetherol. We have found that the best properties of MPP-PUFs were obtained when amount of pMDI in foaming mixture, given as molar ratio of isocyanate to hydroxyl groups (NCO/OH) in foaming mixture was 1.2 (isocyanate coefficient, Table 3 , compositions 3 and 7). Considering the optimization of water, the 1% water in foaming mixture led to low foaming, more than 2% led to fragile MPP-PUFs, therefore 2% was the optimum amount. The optimized amount of catalyst was 3.3 g catalyst per 100 g oligoetherol in EC-based compositions, and 6 g in EC-PC -based compositions ( Table 3 , compositions 3 and 7). Optimized surfactant percentage was between 1.0 and 1.2%. Creaming times were short (below 30 sec); in fully optimized conditions they were within 19-23 seconds. Growing time for optimized compositions was 53 and 26 seconds, respectively. After growing the MPP-PUFs had dry surface. The apparent density, water uptake and linear dimensions before and after thermal exposure of MPP-PUFs at 150 °C were determined ( Table 4 , compositions 3 and 7). It has been found that apparent density of PUFs was within 59.7-63.7 kg/m 3 . Water uptake was maximum 11.4%, which indicated that closed pores dominated in obtained materials. Linear dimension stability was monitored after exposure of MPP-PUFs at 150 °C and it was below 0.5% in case of PUF obtained from oligoetherol m-MPP:EC:PC 1:10:6, and 7.6% in case PUFs from m-MPP:EC = 1:22 after 48 hours exposure. The obtained p-UFs had typical heat conductivity within 0.026-0.043 [W/m · K] (table 4, compositions 3 and 7). Heat capacity of PUFs was (83-111)10 3 kJ/m 3 · K and increases along with heat conductivity.
Finally, the thermal resistance of MPP-PUFs was determined by mass loss after one month exposure at 150, 175, and 200 °C together with compressive strength before and after thermal exposure. Static measurements of thermal resistance showed that the largest mass loss was observed at first day of thermal exposure (Fig. 8) . The obtained MPP-PUFs are rigid and remain as such after thermal exposure. The foams based on oligoetherol obtained from mMPP:EC = 1:22 deform at 200 °C in contrary to those obtained from MPP:EC:PC = 1:10:6; the first were not tested for compressive strength after exposure. All obtained here MPP-PUFs are less thermally resistant than those obtained from oligoetherols synthesized from melamine and alkylene carbonates 6 and obtained from carbazole, glycidol, and alkylene carbonates 26 . The mass loss of MPP-PUFs described here after 1 month thermal exposure at 150, 175, and 200 °C was 11.3-11.4%, 20.6-23.8% and 38.8% , while those obtained from melamine and PC showed 6.7-8.7, 18.4-22.2, and 29.4-35.0% mass loss 6 or those obtained from carbazole, glycidol, and alkylene carbonates: 3.9-5.4, 8.9-10.1 and 17.9-23.4. 26 Obtained MPP-PUFs have the compressive strength comparable to classic rigid PUFs. Their compressive strength increases upon thermal exposure at 150 °C and 175 °C, presumably due to additional residual cross-linking ( Table 5 , compositions 3 and 7). However upon exposure at 200 °C decrease of compressive strength was observed ( Table 4 , composition 7), though the compressive strength still remained larger than the initial one. Obviously, exposition of the MPP-PUF to 200 °C was accompanied by thermal degradation. Vertical flammability test indicated that MPP-PUFs obtained from oligoetherols based on MPP and alkylene carbonates were self-extinguishing ( Table 5 , composition 3 and 7, columns [10] [11] [12] . In the test the flaming distance reached 34-35 mm from ignition line. Their flaming rate was low: 1.30-1.35 mm/s, while that of PUFs containing 1,3,5-triazine ring was as high as 5.6-6.4 mm/s. 27 Characte- ristically self-extinguishing was accompanied by low mass losses upon flaming: 4.9-7.5% . However, their oxygen index was not very promising (21.9). Therefore further modification of powdered MPP-based PUFs was performed.
The MPP was additionally used as additive flame retardant. Effectively, as much as 45 g of MPP (per 100 g of oligoetherol) could be introduced into composition of The water uptake increase of composite was due to presence of polar MPP physical admixture in composite. Linear dimension of composites do not change considerably upon thermal exposure; they are up to 4.2% after exposure at 150 °C. Heat conductance coefficient of composites was 0.0370-0.0470 W/m · K and increases along with MPP percentage in composite. It is generally larger than that of PUFs without MPP added as physical component, which might be consistent with higher water uptake of composites. with higher amount of added MPP (55 g /100 g oligoetherol) showed increase of compressive strength upon thermal exposure at 150 °C and sometimes 175 °C ( Table 5 , compositions 14 and 19) . The MPP@MPP-PUFs composites with the highest compressive strength determined by static method were monitored by dynamic measurements (Fig.  9, compositions 14 and 19) . The highest thermal resistance indicated the foam MPP@MPP-PUFs obtained from oligoetherol based on MPP and EC and PC. Its 5% mass loss was at 225 °C, while that of MPP@MPP-PUF obtained from oligoetherol based on MPP and EC was at 197 °C. Maximum decomposition temperature of the best sample is spread over 350 °C-470 °C region. The residue mass after thermal exposure was 25-30% of initial mass ( Fig. 9 ).
re suitable substrates to obtain thermally resistant polyurethane foams. Obtained polyurethane foams showed the increase of compressive strength upon thermal exposure and thermal resistance in comparison with PUFs obtained before 6 from oligoetherols based on melamine and PC. 2. Addition of MPP into foaming mixture containing above mentioned oligoetherols gave composites, from which polyurethane foams were formed. The composite foams were self-extinguishing or non-flammable materials with oxygen index 24.2-24.6 and with increased thermal resistance. The optimized amount of added flame retardant was 55 g per 100 g oligoetherol, i.e. 20 mass% in foaming composition. 3. Obtained polyurethane foams have high thermal resistance and stand long lasting thermal exposure even at 200 C. Their compressive strength depends on kind of alkylene carbonate used. Higher compressive strength show the foams obtained usually from oligoetherol with both oxyethylene and oxypropylene units.
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NMR spectra were recorded within U-8689/DS 6. References Fig. 9 . MMass loss of PUFs measured thermogravimetrically (sample composition is given in insert).
Introduction of MPP as additive flame retardant into foaming mixture gave materials of considerably diminished flammability in comparison with MPP-PUFs. This was demonstrated both by decreased rate of flame and lower mass loss upon the end of the burning. All the studied foams were inflammable according to horizontal test (Table 5, columns 10-12). Flaming zone reached 5-7 mm; after ignition flame was removed the fire ceased. Mass loss during flaming test was at the level of 0.9-3.0%.
According to general classification, the materials with oxygen index above 28 are considered as non flammable 28 . The oxygen index for composites MPP@MPP-PUFs was within 23.8-24.6, the value characteristic for self-distinguishing materials. 28 
